Abstract-To characterize the distribution of blood pressure (BP), prevalence, and risk factors for hypertension in pediatric chronic kidney disease, we conducted a cross-sectional analysis of baseline BPs in 432 children (mean age 11 years; 60% male; mean glomerular filtration rate 44 mL/min per 1.73 m 2 ) enrolled in the Chronic Kidney Disease in Children cohort study. BPs were obtained using an aneroid sphygmomanometer. Glomerular filtration rate was measured by iohexol disappearance. Elevated BP was defined as BP Ն90th percentile for age, gender, and height. Hypertension was defined as BP Ն95th percentile or as self-reported hypertension plus current treatment with antihypertensive medications. For systolic BP, 14% were hypertensive and 11% were prehypertensive (BP 90th to 95th percentile); 68% of subjects with elevated systolic BP were taking antihypertensive medications. For diastolic BP, 14% were hypertensive and 9% were prehypertensive; 53% of subjects with elevated diastolic BP were taking antihypertensive medications. Fifty-four percent of subjects had either systolic or diastolic BP Ն95th percentile or a history of hypertension plus current antihypertensive use. Characteristics associated with elevated BP included black race, shorter duration of chronic kidney disease, absence of antihypertensive medication use, and elevated serum potassium. Among subjects receiving antihypertensive treatment, uncontrolled BP was associated with male sex, shorter chronic kidney disease duration, and absence of angiotensin-converting enzyme inhibitor or angiotensin receptor blocker use. Thirty-seven percent of children with chronic kidney disease had either elevated systolic or diastolic BP, and 39% of these were not receiving antihypertensives, indicating that hypertension in pediatric chronic kidney disease may be frequently under-or even untreated. Treatment with angiotensin-converting enzyme inhibitors or angiotensin receptor blockers may improve BP control in these patients. (Hypertension. 2008;52:631-637.) Key Words: ACE inhibitors Ⅲ adolescents Ⅲ blood pressure Ⅲ children Ⅲ hypertension Ⅲ kidney disease F ew studies have characterized the prevalence of hypertension or quantified the association between the degree of hypertension and progressive kidney damage in children. Data from the 2006 report of the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) reveal that 39% of children enrolled in its chronic renal insufficiency registry since its inception were being treated with antihypertensive medications at enrollment. 1 The prevalence of hypertension in children with chronic kidney disease (CKD) may be underestimated in this report due to the lack of a blood pressure (BP)-based definition of hypertension and standardized BP measurements. Indeed, an earlier analysis of BP in the NAPRTCS database estimated the prevalence of hypertension among children with CKD as being closer to 50% 2 and demonstrated that renal function in hypertensive children with CKD deteriorated significantly more rapidly than in normotensive children. These data suggest that a significant level of untreated hypertension is present in pediatric patients with CKD and raises the possibility that improved BP control may be one method of slowing the progression of CKD in this population.
F ew studies have characterized the prevalence of hypertension or quantified the association between the degree of hypertension and progressive kidney damage in children. Data from the 2006 report of the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) reveal that 39% of children enrolled in its chronic renal insufficiency registry since its inception were being treated with antihypertensive medications at enrollment. 1 The prevalence of hypertension in children with chronic kidney disease (CKD) may be underestimated in this report due to the lack of a blood pressure (BP)-based definition of hypertension and standardized BP measurements. Indeed, an earlier analysis of BP in the NAPRTCS database estimated the prevalence of hypertension among children with CKD as being closer to 50% 2 and demonstrated that renal function in hypertensive children with CKD deteriorated significantly more rapidly than in normotensive children. These data suggest that a significant level of untreated hypertension is present in pediatric patients with CKD and raises the possibility that improved BP control may be one method of slowing the progression of CKD in this population.
We examined baseline BP data collected on participants in the Chronic Kidney Disease in children (CKiD) Study, a multicenter observational cohort study currently underway in the United States and Canada. We had 2 specific aims in the present analysis: (1) to describe the distribution of BP, hypertension, and antihypertensive medication use in a large cohort of children with CKD; and (2) to identify demographic and clinical characteristics associated with elevated BP or uncontrolled BP in this population.
Methods

Study Population and Design
The CKiD study is an observational cohort study of CKD in children being conducted at 43 pediatric nephrology centers in North America in response to National Institutes of Health RFA DK-03-012 entitled "Prospective Study of Chronic Kidney Disease in Children." 3, 4 The CKiD study protocol has been reviewed and approved by the Institutional Review Boards of each participating center (For a list of participating centers and investigators, see Table S1 , available in the online data supplement at http://hyper.ahajournal.org).
Eligibility criteria for enrollment in CKiD include: age 1 to 16 years, estimated Schwartz formula 5 glomerular filtration rate (GFR) 30 to 90 mL/min per 1.73 m 2 , and signed written informed consent by a parent or guardian plus signed assent according to local requirements. Exclusion criteria include solid organ, bone marrow or stem cell transplant, dialysis within the 3 months before enrollment, cancer/leukemia or HIV treatment within the past year, pregnancy within the past year, inability to complete protocol procedures, enrollment in a randomized clinical trial in which treatment is masked, or plans to move away from the participating center in the near future.
The present study is a cross-sectional analysis of baseline information for the first 432 children enrolled in CKiD as of February 2008 with complete demographic information, medical history (hypertension history, antihypertensive medication use, and CKD etiology), and measured iohexol GFR and BP.
Measurements
Blood Pressure
CKiD participants have casual BP measurements obtained in the right arm by auscultation at study entry (baseline) and then annually thereafter. All participating sites have been provided the same aneroid sphygmomanometer (Mabis MedicKit 5; Mabis Healthcare, Waukegan, Ill) by the CKiD Clinical Coordinating Centers. The Clinical Coordinating Centers also provide standardized training and certification in the auscultatory BP measurement protocol described subsequently to all study personnel responsible for casual BP measurement. Recertification in auscultatory BP measurement technique and calibration of each center's aneroid device take place annually.
At each study visit, before BP determination, arm circumference is measured (in centimeters) with a plastic measuring tape at the midpoint of the upper arm between the amicron and olecranon and a cuff is then selected so that the length of the cuff bladder is equal to 80% to 100% of the arm circumference. 6 After cuff selection, the peak inflation pressure is determined by inflating the cuff to 60 mm Hg and then gradually continuing to inflate in increments of 10 mm Hg until the radial pulse is no longer felt, thereby determining the pulse obliteration pressure. An additional 30 mm Hg is added to this value and recorded as the peak inflation pressure. The cuff is then inflated to this value for all BP measurements at that study visit.
After 5 minutes of rest, BP measurement begins. Participants are instructed to refrain from caffeine intake, smoking, and exercise at least 30 minutes before and until completion of BP measurement. They are also instructed to refrain from playing video games, using a cell phone, or other activities that may affect BP until all measurements are obtained. First, pulse is measured by palpation of the radial artery. Then 3 BP measurements at 30-second intervals are obtained by auscultation of the brachial artery using the first Korotkoff sound for systolic BP (SBP) and the fifth Korotkoff sound for diastolic BP (DBP). The average of the 3 BP measurements is recorded as the participant's BP for the study visit. Participants' BPs so obtained at the baseline visit are included in the present study.
Other Variables
GFR was determined by plasma iohexol disappearance curves with 4 time points at 10, 30, 120, and 300 minutes after infusion of 5 mL of iohexol; details of the GFR assessment methods have been previously published. 7 Blood and urine samples are collected at the time of the study visit and analyzed at the central laboratory (University of Rochester, Rochester, NY). Biochemical parameters in this analysis include electrolytes, blood urea nitrogen, serum creatinine, serum albumin, urine protein, and urine creatinine. In addition, a complete blood count is obtained locally.
Demographic and medical history information is collected at the baseline study visit using standardized forms. Variables of interest for this analysis include age, gender, self-reported race/ethnicity, height, weight, underlying CKD diagnosis (see Table S2 ), CKD duration, history of hypertension, use of antihypertensive medications, birth history, and family history of hypertension. From this information, other variables of interest were calculated, including body mass index (BMI) and age and gender-specific height, weight, and BMI percentiles using standard growth charts for US children. 8 
Definitions
Participants' BPs in CKiD are classified according to the National High Blood Pressure Education Program (NHBPEP) Fourth Report on the diagnosis, evaluation, and treatment of high BP in children and adolescents 6 : BP readings Ͻ90th percentile are categorized as normotensive, those Ն 90th and Ͻ95th percentiles as prehypertensive, and those Ն95th percentile as hypertensive. Measurements in the prehypertensive and hypertensive range are defined as elevated BP.
The presence of hypertension was defined as having hypertensive range BP (systolic or diastolic) or a self-report of a history of high BP plus current treatment with antihypertensive medications. Additionally, controlled BP was defined as a current use of antihypertensive medication with BP below the 90th percentile and a selfreported history of hypertension; uncontrolled blood pressure was defined as BP (systolic or diastolic) Ն90th percentile and current use of antihypertensive medication.
For all analyses, participants are classified as having either glomerular or nonglomerular CKD (see Table S2 ). Obesity is defined as BMI Ն95th percentile for age and gender. 8 Low birth weight is birth weight Ͻ2500 g and birth at Ͻ36 weeks gestation is defined as being premature. Nephrotic range proteinuria is defined as a calculated urine protein:creatinine ratio (Up/c) of Ͼ2.0 (mg/dL: mg/dL) and significant proteinuria as a calculated Up/c of 0.2 to 2.0. Hypoalbuminemia is defined as a serum albumin level of Ͻ4 g/dL.
Statistical Analysis
Continuous variables in this report are described as means and SDs; categorical variables are described as frequencies and percentages. To assess the relationship of clinical and demographic characteristics with measured BP, means and SDs for continuous variables as well as percentages and frequencies for categorical variables were calculated for each level of BP: normotensive, prehypertensive, and hypertensive. Linear trends across the 3 levels of BP were determined by regressing respective characteristics against the median BP index for each BP level. BP index-systolic and diastolic, respectively-was calculated by dividing an individual's measured BP by the 95th percentile BP for their age, sex, and height. Linear regression was used for continuous variables; logistic regression was used for categorical variables. Probability values were reported to summarize the strength of the trend. Probability values Ͻ0.05 were considered significant.
Unadjusted and adjusted prevalence ratios (PRs) for elevated BP were calculated using a modified Poisson regression. 9 This regression modeled the probability of the outcome (eg, elevated BP) on a set of risk factors. These models were used rather than logistic models due to the relatively high prevalence of elevated BP and hypertension in the study population. 10 To assess the effectiveness of BP control in children being treated for high BP, a separate analysis was performed limited to those CKiD participants receiving antihypertensive therapy. For this analysis, clinical and demographic characteristics of individuals with uncontrolled BP were compared with those with controlled BP using percentages for categorical variables and meanϮSD for continuous variables. Similar regression methodology as described previously was used to estimate the relative prevalence of uncontrolled BP associated with known risk factors. All analyses were performed using SAS 9.1 statistical software (SAS Institute, Cary, NC).
Results
Cohort Characteristics
Subjects' demographic and clinical characteristics are summarized in Table 1 . The majority was male, white, and most had nonglomerular forms of CKD. A significant minority of participants was premature at birth or reported a low birth weight. As expected for children with CKD, 11 participants tended to be short with preserved weight; relatively few were obese.
Prevalence of Hypertension and Prehypertension
SBP was Ն95th percentile in 14% of subjects and was in the prehypertensive range (90th to 95th percentile) in another 11% (Table 2) . DBP was Ն95th percentile in 14% and was in the prehypertensive range in 9%. A history of hypertension was self-reported by 47% of subjects, whereas 64% were currently taking antihypertensive medications. Combining all subjects with hypertensive-range BP, systolic or diastolic, or a history of hypertension plus current antihypertensive use yielded a 54% prevalence of hypertension overall.
Characteristics Associated With Elevated Blood Pressure
Various demographic, anthropometric, clinical and laboratory characteristics of the subjects were examined to determine their relationship, if any, with elevated BP. Results are displayed in Table 3 . Black race, glomerular CKD, shorter duration of CKD, obesity, self-reported history of hypertension, and elevated serum potassium were the only characteristics significantly associated with the presence of elevated SBP in the univariate analysis; nephrotic range proteinuria demonstrated borderline, albeit nonsignificant, associations with elevated SBP (Table 3 ). Younger age, black race, shorter duration of CKD, and nephrotic range proteinuria were associated with elevated DBP (Table 3) .
After adjusting for potential confounders (age, race, GFR, CKD diagnosis, duration of CKD, proteinuria, antihypertensive use, obesity, and serum potassium), black children were 63% more likely (PR: 1.63, 95% CI: 1.13 to 2.37) to have elevated SBP and 79% more likely (PR: 1.79, 95% CI: 1.21 to 2.63) to have elevated DBP compared with nonblack children. Elevated serum potassium was the only other characteristic independently associated with elevated SBP (PR: 1.07, 95% CI: 1.01 to 1.14 per 0.2 mmol/L increase in serum potassium). Longer duration of CKD (PR: 0.85, 95% CI: 0.74 to 0.99 per 3-year increase) and current antihypertensive medication use (PR: 0.63, 95% CI: 0.42 to 0.93) were both independently associated with a decreased prevalence of elevated DBP.
To further explore the relationship between serum potassium and elevated SBP, we examined angiotensin-converting enzyme (ACE) inhibitor and angiotensin receptor blocker (ARB) use. Serum potassium was significantly higher in the participants receiving ACE inhibitors or ARBs (nϭ220) compared with those who were not receiving these agents (nϭ184; 4.41Ϯ0.48 versus 4.62Ϯ0.54 mmol/L; PϽ0.01). After controlling for SBP stage (normotensive, prehypertensive, hypertensive), both ACE/ARB use and SBP stage were independently associated with elevated potassium levels (PϽ0.01 and Pϭ0.04, respectively).
Controlled Versus Uncontrolled Blood Pressure
Among 275 children receiving antihypertensive medications, 98 had SBP or DBP Ն90th percentile and were classified as having uncontrolled BP. The remaining 177 treated children had SBP and DBP Ͻ90th percentile. Of these, 73 reported no history of hypertension and were thus considered to be taking antihypertensive medications for reasons other than hypertension (for example, proteinuria); the remaining 104 children identified themselves as having a diagnosis of hypertension and were classified as having controlled BP. Further analysis was restricted to the 202 children currently receiving antihypertensive medication and classified as having controlled or uncontrolled BP (Tables 4 and 5 ). Most demographic and clinical characteristics were similar when comparing those with uncontrolled and controlled BP (Table 4) , although those with uncontrolled BP were more likely to be male, of black race, and to have a shorter mean duration of CKD and were less likely to be receiving an ACE inhibitor (ACEi) or ARB compared with those with controlled BP. In contrast, a higher percentage of participants with uncontrolled BP were obese and were being treated with either calcium channel blockers or another non-ACEi/ARB antihypertensive. Interestingly, the percentage of subjects without a history of hypertension who were taking ACEi/ ARBs for other reasons was roughly similar to the percentage reported in Table 4 for subjects with controlled BP (data not shown).
In the unadjusted analysis, longer CKD duration and current ACE inhibitor or ARB use were significantly associated with controlled BP, whereas obesity, male sex, and black race were significantly associated with uncontrolled BP (see Table 5 ). Age, GFR, diagnosis, and nephrotic range proteinuria were not significantly associated with a failure to control BP. After adjusting for multiple variables, male sex and shorter duration of CKD showed statistically significant associations with prevalent uncontrolled BP, whereas ACEi/ARB use remained independently associated with controlled BP.
Discussion
This cross-sectional analysis of BP in a large population of children with CKD demonstrates that despite ample data on the role of BP elevation in the progression of renal insufficiency in adults, hypertension is frequently present in clinical practice. Furthermore, despite recommendations from consensus organizations for strict BP control in pediatric patients with CKD, 6, 12 these data indicate that hypertension is undertreated or even untreated in a significant number of children with renal insufficiency, mirroring what has recently been reported in adults. 13 The role of hypertension in progression of CKD is well established in adults. Long-term prospective studies, most notably the Multiple Risk Factor Intervention Trial and the Modification of Diet in Renal Disease (MDRD) study, have demonstrated that hypertension is one of the most important clinical risk factors for the development and progression of CKD. 14, 15 One comparable pediatric study suggests that hypertension likely influences progression of CKD in children as well. In a prospective, multicenter trial of the effects of dietary protein restriction in children with GFR between 15 and 60 mL/min per 1.73 m 2 , Wingen et al 16 showed that although adherence to a low-protein diet for 3 years did not affect the rate of decline in creatinine clearance, SBP exceeding 120 mm Hg and urinary protein excretion Ͼ50 mg/kg body weight per day were both independent predictors of an increased rate of decline in creatinine clearance. The longitudinal design of CKiD, which includes repeated measures of both iohexol GFR and BP, will allow us to examine whether this will also prove to be the case in the CKiD cohort.
A recent analysis of the North American Pediatric Renal Trials and Collaborative Studies' chronic renal insufficiency database also demonstrated that hypertension plays a role in progression of CKD in children. 2 In this study, the rate of progression of CKD in children with hypertension was compared with that in normotensive children. The time to end point was defined as the time between registry enrollment and progression to initiation of renal replacement therapy, or a 10-mL/min per 1.73 m 2 decline in estimated GFR from baseline, whichever happened first. Hypertensive children, who comprised 48% of children enrolled in the registry, reached one of the defined end points significantly sooner than did normotensive patients. The rate of CKD progression was significantly greater for those with higher SBP, older age, and estimated GFR Ͻ50 mL/min per 1.73 m 2 . The authors concluded that hypertension is a highly significant and independent predictor for progression of CKD in children.
Because hypertension is a treatable condition, both of these studies imply that intervention may prevent or delay CKD progression. Despite this, it is notable that up to one fourth of 
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participants enrolled in CKiD had BP Ն90th percentile at baseline. This finding stands in stark contrast with current recommendations for lower BP goals in children 6, 12 and adults 12, 17 with CKD and also demonstrates that despite data indicating that most pediatric nephrologists intend to target a lower goal BP in children with kidney disease than in those without kidney disease, 18 in clinical practice, this goal is frequently not attained. Nephrotic range proteinuria was significantly associated with elevated diastolic BP in this cohort, and there was a trend toward an association with elevated systolic BP as well, although this did not reach significance. Proteinuria accompanies many forms of hypertensive kidney disease in children, especially glomerulonephritis and hemolytic-uremic syndrome. Many patients with these forms of hypertensive kidney disease are treated with multiple antihypertensive agents to achieve BP control. Thus, it is not surprising that CKiD participants with nephrotic range proteinuria were more likely to have elevated BP compared with those without proteinuria. In this context, it is important to note that proteinuria is also a significant marker of CKD progression as seen in the study of Wingen et al. 16 Reduction of proteinuria has been advocated as a primary goal in the treatment of CKD as well as in hypertensive patients with CKD. 19 Also of note is that black children in this study had a significantly higher risk of elevated SBP and DBP at entry into CKiD, even after adjustment for age, cause and duration of CKD, GFR, level of proteinuria, obesity, serum potassium level, and antihypertensive use. Because the burden of CKD and end-stage renal disease is particularly high in the black population, 20 aggressive BP control in this group should be a top priority of CKD care providers.
Progression of CKD in hypertensive patients has been attributed to many interrelated mechanisms, with the reninangiotensin system playing a central role. 21 Systemic or local angiotensin II induces efferent arteriolar vasoconstriction, thereby increasing the intraglomerular pressure, which in turn leads to hyperfiltration and proteinuria, which itself further activates the local renin-angiotensin system. For this reason, agents that interrupt the renin-angiotensin system have been advocated as optimal agents for treatment of hypertension in proteinuric CKD. 12, 21 The increased prevalence of uncontrolled BP in CKiD participants not receiving ACEi or ARBs in our subanalysis of individuals on antihypertensive therapy is therefore one of the important findings of this study. It is also significant that use of calcium channel blockers was more common in CKiD participants with uncontrolled BP. Dihydropyridine calcium channel blockers in particular have been shown to increase proteinuria, 22 and in some large-scale trials in adults, poorer outcomes have been seen in subjects treated with calcium channel blockers compared with those treated with agents affecting the renin-angiotensin system. 17 Seen in this context, the findings of the present study appear to support preferential use of ACEi or ARBs over calcium channel blockers in treatment of hypertension in children with CKD; among those treated with antihypertensive agents, the use of ACEi/ARBs was strongly suggestive of a protective effect against uncontrolled BP.
Serum potassium was found to be associated with both elevated systolic and diastolic BP and was significantly higher in participants receiving ACEi or ARBs. However, because both ACEi/ARB use and SBP stage were independently associated with elevated potassium, use of these medications does not appear to be a complete explanation for the association between serum potassium and elevated BP. It is possible either that (1) individuals with high BP were more difficult to control, and therefore received higher doses of ACEi/ARB, leading to a higher serum potassium, or alternatively; (2) those with higher serum potassium were less likely to be treated with ACEi/ARB and therefore had higher BP. Given the cross-sectional analysis of the present study design, we cannot distinguish between these potential explanations.
Limitations of this study include its cross-sectional design, which does not permit inference of cause and effect. Additionally, we only analyzed one set of casual BP readings taken at a single sitting. BP in childhood is known to be labile, even in those with secondary hypertension. 23 Thus, there remains the possibility that measurement error influences our results. Manual BP determination has well-known limitations, including observer bias, terminal digit preference, interobserver variability, and white coat effect. 24 To minimize these known potential biases, meticulous training in proper BP measurement technique and use of standardized equipment and measurement protocols have been established at all CKiD centers. Although some intercenter variability may be present, we feel that the standardized training procedures significantly minimize this potential source of bias. Cardiovascular assessments scheduled for later points in CKiD include ambulatory BP monitoring, which should improve the precision of classifying participants' BPs. 25 The CKiD study also has important strengths, including its large sample size, precise measurement of GFR by iohexol clearance, 7 and standardized demographic, clinical, and laboratory measures. By adhering to the most recent consensus recommendations for BP measurement in children, 6 we have avoided the potential errors inherent in other methods of BP determination. 26 We feel that these features of the CKiD study design significantly enhance the significance of our findings.
Perspectives
Hypertension is a frequent comorbidity in both adults and children with CKD and contributes to CKD progression in many patients. These data demonstrate that despite awareness of the importance of hypertension and BP control in CKD, many pediatric patients with CKD have either poorly controlled or undiagnosed, and therefore untreated, hypertension. Our finding that patients receiving ACE inhibitors or ARBs were less likely to have uncontrolled hypertension points the way for development of strategies to improve the treatment of hypertension in children and adolescents with CKD, which in turn offers the potential to reduce cardiovascular risk and possibly ameliorate the progression of CKD in this vulnerable patient population. Finally, as the participants in the CKiD study enter longitudinal follow-up, repeated measurements of iohexol GFR and BP will provide the opportunity to examine the effect of elevated BP on CKD progression in children and adolescents.
